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Mercury is an element that has both natural and anthropogenic sources (OSPAR, 2004) . Given the significant inputs of mercury to the environment, this metal is considered a ''blacklisted'' pollutant in terms of environmental damage and a threat to human health. Its high mobility, persistence in the environment, and lipophilicity, justify the importance of the environmental study of mercury, as it is a toxic element to all living organisms (Boening, 2000) .
The Ria de Aveiro ( Fig. 1) , situated on the northern coast of Portugal and with a total area ranging from 83 (high tide) to 66 km 2 (low tide) (Dias et al., 2001) has, for the past five decades, received continuous discharges of a mercury-rich effluent from a chlor-alkali factory. This situation led to widespread contamination of sediments, water and biota of the area, and created a well defined anthropogenic mercury gradient in the system. Research on the fate and behavior of mercury in the nearby area of the discharge has so far focused mainly on identifying the major impacted areas, quantifying the level of contamination and assessing the response of mercury to physicochemical changes in sediment and water (Pereira et al., 1998a,b) . Determinations of mercury concentrations in marine biota are limited to plankton (Monterroso et al., 2003) , estuarine macroalgae (Coelho et al., 2005) and sea bass (Abreu et al., 2000) , hence further work is required on other species, especially edible varieties with economic interest.
The main aim of this work was to assess the mercury accumulation through various trophic levels in locations subject to different contamination levels, and relate it to sediment, water and suspended particulate matter (SPM) mercury concentrations. Moreover, to verify whether mercury accumulation represents any potential risk for public health, economically important macroinvertebrate species placed at different levels of the food web were selected: (a) Nereis diversicolor, (a subsurface deposit feeder) used as fish bait; (b) Scrobicularia plana (a surface deposit feeder) and (c) Carcinus maenas (an omnivore or top predator).
Three locations were selected for sampling, as shown in Fig. 1 . The Laranjo Basin corresponds to a highly contaminated area located close to the mercury discharge source, whereas the two other sites, Coroa and Mira, are located at two opposite extremes of the lagoon, respectively the furthest and closest to the estuary mouth.
All samples were collected on a consecutive three-day sampling campaign in the summer of 2003, at equivalent tidal situations. Previous studies (Ramalhosa et al., 2001; Monterroso et al., 2003) reported higher dissolved and particulate mercury levels in low tide conditions (25 ng L À1 in the dissolved fraction and 6.6 lg g À1 in the particulate fraction in low tide conditions, as opposed to 10 ng L À1 and 3.5 lg g À1 in high tide, in the Laranjo site). Low water conditions were therefore found to better express the maximum potential contamination stress to organisms, and sampling was conducted in accordance. At each site a composite sediment sample was obtained from the oxic-suboxic layer (0-2 cm), consisting of five replicate samples pooled together in order to account for within-site variability. Water samples were collected from intertidal water at each site in acid-washed plastic bottles. Sediments were air-dried for three days and then oven-dried overnight at 60°C, homogenized and sieved through a 1 mm sieve. Water samples were filtered on arrival to the laboratory, through 0.45 lm Millipore cellulose acetate membrane filters, acidified with HNO 3 (to lower the pH below 2) and stored at 4°C until analysis. Filters were oven-dried at 60°C and digested with HNO 3 4 mol L À1 for determination of the total mercury concentration in the SPM fraction.
Biological samples were collected from the shoreline, and consisted of 10 replicates at each site for N. diversicolor and S. plana. The biology of N. diversicolor in this system was reported by Abrantes et al. (1999) , who found the lifespan of this species to range between 12 and 15 months, with an annual growth rate of %6 cm y À1 , and two recruitment periods, in February and April/May. Samples of N. diversicolor ranged between 6 and 7 cm (about 1-y-old adult individuals) and bias related to reproduction was avoided by sampling outside recruitment periods.
S. plana is a long-lived deposit feeding bivalve species present in muddy to sandy sediments (Verdelhos et al., 2005 ). It's life cycle in southern Europe is well studied, where it has a lifespan of 5 y, one annual recruitment period in spring and growth rates of roughly 1 cm y À1 (Verdelhos et al., 2005) . Sampling focused on 3-y-old adult individuals (about 3 cm shell width), the smallest commercially available individuals. Bias related to reproduction was avoided by sampling outside the spring recruitment period.
For C. maenas, due to the low biomass of the different tissues, a composite sample was prepared of 15 individuals of similar size (around 3.5 cm width). Sexual maturity in this species is reached at %3 cm carapace length, corresponding to 1+ year-old adult individuals, and the recruitment period extends throughout several months (Baeta et al., 2005) . Therefore, in order to minimize uncertainty related to reproductive state, only male individuals were collected.
S. plana and N. diversicolor samples were left to depurate overnight, freeze-dried at À50°C and 0.06 bars, and homogenized for analysis. C. maenas samples were washed to remove sediment and epiphytes, dissected and freezedried. Three different tissues were considered for analysis (hepatopancreas, gills, muscle), and all analyses were performed in composite samples.
Sediment and biological samples were analyzed for total mercury by thermal decomposition atomic absorption spectrometry with gold amalgamation, using a LECO AMA-254 (Advanced Mercury Analyzer). Dissolved reactive mercury and suspended particulate matter (SPM) mercury analyses were performed by cold-vapor atomic fluorescence spectrometry (CV-AFS) using a PSA model Merlin 10.023 equipped with a detector PSA model 10.003, with tin chloride as reducing agent (2% in 10% HCl). Organic mercury determinations in biological tissues were determined through digestion with a mixture of 18% KBr in 5% H 2 SO 4 , followed by extraction of organic mercury into toluene (for further detail see Válega et al., 2006) .
Analytical quality control was performed by using Certified Reference Materials (CRMs) IAEA-356 and MESS-2 (for sediments) and TORT-2 (for biota). The results were corrected according to the daily recovery percentage of the CRM analyses. The values obtained for the whole of the CRM analysis ranged from 77.6% to 102% with an average of 90.2% ± 5.3% (at 0.05 significance level). Analyses of CRMs were always performed in triplicate. Reference material NIST -2976 was used for organic mercury analyses, and an extraction efficiency range of 75-80% was achieved.
The results were analysed using one-way ANOVA followed by Tukey's HSD, or its non-parametric equivalent Kruskal-Wallis, followed by Mann-Whitney pair-wise testing (both at 0.05 significance level).
Environmental contamination was found to occur mainly in the vicinity of the contamination source (Fig. 2) , where very high levels were observed; mercury levels in biota reflect a similar trend (Fig. 3) . A general pattern was observable, with the highest levels found in the very contaminated area of Laranjo and considerably lower values at the other two sites. Furthermore, the three species showed higher levels of contamination in Mira as compared to Coroa (Mann-Whitney U tests at Coroa and Mira for S. plana, p < 0.001; and N. diversicolor, p < 0.001), despite similar sediment contamination levels. Thus, there is a clear gradation of total mercury levels in biota as follows: Laranjo > Mira > Coroa.
The higher biota contamination found in Mira as opposed to the similarly contaminated Coroa site may be related to the hydrodynamics of the system, which are responsible for the transport of fine metal-rich particles, which in turn may be consumed by the biota (surface and subsurface deposit feeders). These particles are transported seawards with the flow, away from the Coroa area and towards Mira, where they may deposit. This hypothesis is consistent with the SPM mercury concentrations found and is a possible explanation for the higher mercury contamination levels in organisms from the Mira site.
C. maenas has the highest average total mercury levels of the three species (Fig. 3a) , even though the highest mercury level was found in an individual S. plana sample in the Laranjo basin (Fig. 3b) , where standard deviation was quite high. N. diversicolor was the species least responsive to mercury. Species-specific factors may explain the difference in bioaccumulation processes. These include feeding techniques and the medium from which most feeding is undertaken, or adaptation to high mercury concentrations and ability to excrete or detoxify the metal as an adaptation mechanism. Boisson et al. (1998) showed that in the bivalve M. balthica, individuals sampled in polluted areas had lower mercury uptake rates than those sampled in relatively pristine areas, which suggested an adaptive trait for survival in contaminated areas. Boisson et al. (1998) , proposed the adaptation to be at the genetic, cellular, or biochemical levels, since the accumulation potential of the clam was the same in the different sites. Thus this hypothesis may explain the lower mercury bioaccumulation in highly contaminated areas such as the Laranjo basin. This feature has also been observed in previous studies for the oligochaete T. tubifex, for which tolerance, resistance to mercury and the genetic inheritance of this trait have been reported (Vidal and Horne, 2003) .
Organic mercury results were consistent with total mercury content, given that S. plana and N. diversicolor were less contaminated than C. maenas, both in absolute concentrations (maximum [Hg] org of 0.03 lg g À1 in N. diversicolor, 0.07 lg g À1 for S. plana and up to 0.16 lg g À1 in C. maenas) and in the organic mercury fraction (up to 90% for C. maenas, while S. plana never exceeded 45% and N. diversicolor 20%) (Fig. 4a and b) . Differences in feeding tactics between the studied species were probably the basis for the different organic mercury loads, lower in the filter feeding, detritivore species (S. plana and N. diversicolor) (Fig. 4b) . Mercury bioaccumulates up the food web, and predator species (such as C. maenas) will incorporate more mercury through the diet (mainly organic mercury, which bioaccumulates more efficiently) than organisms feeding on detritus with higher total mercury concentrations but lower organic mercury concentrations (Watras and Bloom, 1992; Lawson and Mason, 1998) .
C. maenas showed differential tissue mercury accumulation, both in total and organic forms ( Fig. 3a and 4a ). Higher tissue levels were found in the gills in the most contaminated site, shifting to the muscle in Coroa and hepatopancreas in Mira (Fig. 3a) . In terms of organic mercury, differential accumulation was again evident, with a higher proportion found in muscle where [Hg] org accounts for about 90% of the total mercury, while in other tissues the proportion never exceeded 55% of total mercury (Fig. 4a) . In previous investigations, the accumulation of mercury was found to take place mainly in the gills (Laporte et al., 1997) , but these results derive from a short laboratory study where mercury was added in the dissolved form, hence dietary intake and other factors present in the field were not accounted for. The form in which the mercury is taken in by crabs impacts on its internal fate, and an accumulation in the gills has been associated with a higher intake of inorganic mercury, as the gills are in contact mostly with the dissolved species in water (Laporte et al., 1997) . It was observed in our study that the importance of the gills as a bioaccumulation agent is higher in the most contaminated site ([Hg] content of total and organic mercury in other body tissues, such as the muscle, suggests that the main source of mercury to the crabs may be under the form of organic and lipophilic mercury, probably from dietary intake. Bioaccumulation (concentration factor (CF) = wet weight concentration of biota/dry weight concentration of sediment; Williams et al., 1998) , is shown in Fig. 5 . The mercury CF for each species appear to be higher in Mira, which means that the three invertebrate species proportionately uptake more mercury at this site. Statistical analyses showed that for each species, CFs differ between sites. S. plana and C. maenas average CFs at Coroa and Laranjo do not differ significantly, whereas Mira differs from the two other sites. For N. diversicolor, all sites differ significantly from each other, also indicating a higher CF at Mira.
Related to the levels of contamination of the different species (illustrated in Fig. 3 ), this shows that even if the invertebrate species accumulated more metal at the most contaminated site (Laranjo), the proportion of mercury taken up relative to sediment contamination was highest at Mira, and lower and not significantly different at Coroa and Laranjo.
Calculations of wet weight mercury concentrations in the biological samples show that although all results fall below maximum metal levels permitted for human consumption (0.5 lg g À1 wet weight, Regulation (EC) 466/ 2001), the levels in the highly contaminated area of Laranjo fall between 0.17 and 0.37 lg g À1 , a considerably high range, which justifies regular monitoring of the area. 
